Recent studies have proposed that adeno-associated viruses (AAVs) are not evolutionarily linked to other mammalian autonomous parvoviruses but are more closely linked to the autonomous parvoviruses of birds. To better understand the relationship between primate and avian AAVs (AAAVs), we cloned and sequenced the genome of an AAAV (ATCC VR-865) and generated recombinant AAAV particles. The genome of AAAV is 4,694 nucleotides in length and has organization similar to that of other AAVs. The entire genome of AAAV displays 56 to 65% identity at the nucleotide level with the other known AAVs. The AAAV genome has inverted terminal repeats of 142 nucleotides, with the first 122 forming the characteristic T-shaped palindromic structure. The putative Rep-binding element consists of a tandem (GAGY) 4 repeat, and the putative terminal resolution site (trs), CCGGT/CG, contains a single nucleotide substitution relative to the AAV 2 trs. The Rep open reading frame of AAAV displays 50 to 54% identity at the amino acid level with the other AAVs, with most of the diversity clustered at the carboxyl and amino termini. Comparison of the capsid proteins of AAAV and the primate dependoviruses indicate that divergent regions are localized to surface-exposed loops. Despite these sequence differences, we were able to produce recombinant AAAV particles carrying a lacZ reporter gene by cotransfection in 293T cells and were able to examine transduction efficiency in both chicken primary cells and several cell lines. Our findings indicate that AAAV is the most divergent AAV described to date but maintains all the characteristics unique to the genera of dependovirus.
Adeno-associated viruses (AAVs) are small, nonpathogenic parvoviruses that require coinfection with a helper virus, such as adenovirus or herpesvirus, for productive infection (2) . To date, eight AAV isolates (AAV types 1 to 8 [AAV1 to -8] ) have been characterized and sequenced (2, 4, 19, 20, 25, 32, 51, 56) , with AAV2 having been the most extensively studied.
AAV virions are approximately 20 to 25 nm in diameter and are composed of a mixture of assembled proteins (VPs) that encapsidate a linear ϳ4.7-kb single-stranded DNA (ssDNA) of plus or minus polarity (7, 43) . The genome of AAVs is flanked by inverted terminal repeats (ITRs), which in the case of AAV 2 are 145 nucleotides in length. The ITR is organized as three interrupted palindromes that can fold in an energetically favored T-shaped hairpin structure, which can exist in two orientations, termed flip and flop (42) . The ITRs serve as origin of replication and contain cis-acting elements required for rescue, integration, excision from cloning vectors, and packaging (41, 42, 49, 58) .
The genetic map of the AAVs has been derived primarily from studies of AAV2 but is conserved in all serotypes (26, 27, 29, 36, 42, 45, 46, 58, 60, 64) . Two major open reading frames (rep and cap ORFs) and three transcriptional active promoters (P 5 , P 19 , and P 40 ) have been identified in the genome of AAV2. The P 5 and P 19 promoters encode the nonstructural replication proteins Rep78 and Rep68 and Rep52 and Rep40, respectively. Due to differential splicing, Rep78 and Rep52 have different C termini from Rep68 and Rep40. Transcription initiation from two promoters results in Rep78 and Rep68 having different N termini from Rep52 and Rep40. The P 40 promoter transcribes two alternatively spliced mRNAs. The major mRNA species encodes the major capsid protein VP3 from a conventional AUG codon and the minor capsid protein VP2 from an upstream in-frame ACG codon. The minor mRNA species encodes the entire cap ORF to produce the minor capsid protein VP1 (47) . VP1, VP2, and VP3 are found in a ratio of 1 to 1 to 10, respectively, and this stoichiometry is generated by the high abundance of one of the mRNA species and the low translation efficiency from an ACG codon in the case of VP2 (14, 47, 55) . Previous studies have indicated that VP2 and VP3 are sufficient for particle formation and accumulation of encapsidated ssDNA progeny, while VP1 is required for assembly of highly infectious particles (63, 64) .
All four Rep proteins possess NTP binding activity, DNA helicase activity, and nuclear localization sequences; however, only Rep78and Rep68 possess DNA binding ability (33, 34, 66) . Mutant AAVs defective for the synthesis of the small Rep proteins (Rep52 and Rep40) are able to replicate DNA, but no ssDNA progeny is encapsidated (16) . The ability of Rep78 and Rep68 to bind and nick DNA in a sequence-and strandspecific manner inside the ITR is essential in every phase of the AAV life cycle, namely, DNA replication, AAV gene expression, rescue from the integrated state, and self-excision from cloning vectors (29, 35, 44) . Nicking of the DNA within the ITR at the terminal resolution site (trs) requires binding of Rep78 and Rep68 proteins to a motif composed of tandem repeats of GAGY.
Among AAV serotypes, AAV1, AAV4, AAV7, and AAV8 are believed to be of simian origin, while AAV2, AAV3, and AAV5 are from humans. AAV6 was found in a human adenovirus preparation and is very similar to AAV1. AAVs have also been reported in other mammalian species including canines, bovines, ovines, and equines (8) . An avian AAV (AAAV) was first isolated from the Olson strain of quail bronchitis adenovirus (68) . It was later found that 50% of adenoviral field isolates from chickens in the United States and Ireland contained AAAVs serologically indistinguishable from the initial isolate (24) . The AAAV was found to be 20 nm in diameter, was serologically distinct from AAV1-4, did not agglutinate erythrocytes from several species tested, and required adenovirus or herpesvirus for replication (5, 68) . In addition, AAAV was found to inhibit replication of several avian adenoviruses and herpesviruses (5, 52, 53) . Physicochemical studies revealed that the capsid of AAAV consists of three VP proteins similar to those of other AAVs. The buoyant density of AAAV in CsCl gradients (1.39 to 1.44 g/cm 3 ) is similar to what has been reported for all AAVs (6, 30, 68) . One study (30) also provided a limited restriction endonuclease map of AAAV.
The ability of AAV vectors to infect dividing and nondividing cells and establish long-term transgene expression and the lack of pathogenicity have made them attractive for use in gene therapy applications. Recent evidence has indicated lack of cross competition in binding experiments, suggesting that each AAV serotype may have a distinct mechanism of cell entry.
Comparison of the cap ORFs from different serotypes has identified blocks of conserved and divergent sequences, with most of the latter residing on the exterior of the virion, thus explaining the altered tissue tropism among serotypes (19-21, 48, 56) . Vectors based on new AAV serotypes may have different host ranges and different immunological properties, thus allowing for most efficient transduction in certain cell types. In addition, characterization of new serotypes will aid in identifying viral elements required for altered tissue tropism.
Serological studies have provided evidence of AAAV infection in humans (69) . Six percent of an unselected adult population was found positive for antibody to AAAV by agar gel precipitation (AGP), and 15.6% was positive by virus neutralization. Fourteen percent of poultry workers (industry or research) were positive for AAAV antibody by AGP and 66% were positive by virus neutralization. In the same studies, no cross-reaction was noted by AGP when antiserum to AAAV was reacted against primate antigens of serotypes 1 to 4 or when antiserum to AAV serotypes 1 to 4 were reacted against AAAV antigen. In addition, antiserum prepared against primate AAV1-4 did not neutralize the AAAV. These results suggest that AAAV is a distinct serotype and that infections are not restricted to avian species but are found in the adult human population.
Based on the genome organization and sequence homology among insect densovirus, rodent parvovirus, and human dependovirus, it has been previously proposed that these viruses may have diverged from a common ancestor and evolved strictly in their hosts (3) . However, the high sequence homology between avian autonomous parvovirus and primate AAVs and the epidemiological documentation of AAAV transmission to humans provide evidence for host-independent evolution of at least some parvovirus genera. To better understand the relationship between the avian and the primate AAVs, the complete viral genome of AAAV was cloned and sequenced and used to generate recombinant viral particles.
MATERIALS AND METHODS
Cell culture and virus propagation. 293T and COS cells were maintained in Iscove's modified Eagle medium and AMEM, respectively DF1 cells (spontaneously immortalized chicken embryonic fibroblasts), QNR cells (quail neuroretinal cells), A549 cells, and primary chicken embryonic fibroblasts (CEF) were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Primary chicken embryonic kidney cells were maintained in ␤-mercaptoethanol supplemented with 10% fetal bovine serum (FBS). Primary chicken pituitary cells were maintained in DMEM supplemented with 5% horse serum. QT6 cells (quail fibrosarcoma) were maintained in Ham's F12K supplemented with 10% FBS. LMH cells (chicken hepatoma cells) were maintained in Waymouth's medium supplemented with 10% FBS. DT-90 (chicken lymphoblastoma) cells were maintained in DMEM supplemented with 15% FBS, 5% chicken serum, and 0.015% ␤-mercaptoethanol. Human primary fibroblasts were obtained from Clonetics and maintained in serum-free propertiary medium supplied by the manufacturer. AAAV (ATCC VR-865) was propagated in 10-day-old Spafas pathogen-free embryonated chicken eggs coinfected with the Phelps strain of fowl adenovirus type 1 (FAV1; ATCC VR-486). AAAV at 10 4 to 10 7 and FAV1 at 10 5 infectious particles in saline were simultaneously injected into the chorioallantoic cavity of eggs and incubated for 96 h at 37°C. At the end of the incubation, allantoamniotic fluids were harvested and clarified by centrifugation at 6,000 ϫ g for 10 min.
Viral DNA isolation, cloning, and sequencing. Virus from infected clarified allantoamniotic fluids was precipitated by centrifugation at 100,000 ϫ g for 2 h. The supernatant was discharged, and the virus-containing pellet was resuspended in proteinase K digestion buffer (50 mM Tris [pH 8], 20 mM EDTA, 0.5% sodium dodecyl sulfate [SDS] , 200 g of proteinase K per ml) and incubated at 45°C for 2 h. Following a phenol-chloroform extraction and ethanol precipitation, the viral DNA was resuspended in Tris-EDTA buffer containing 0.1 M NaCl. The single-stranded viral DNA was annealed by heating to 95°C for 5 min followed by slow cooling to 65°C for 6 h. The annealed viral DNA was separated electrophoretically in 1% agarose gel, and the double-stranded AAAV DNA of approximately 4.7 kb was excised and purified with a gel extraction kit (Qiagen). The viral DNA was further processed to fill in the ends by treating with DNA polymerase (Klenow fragment) at 37°C for 15 min in the presence of deoxynucleoside triphosphates. The whole genome was then blunt end cloned in the pPCR-script cloning vector containing the lacZ gene, allowing blue-white screening of ampicillin-resistant colonies (Stratagene). Colonies that contained large inserts (4.7 kb) were initially screened by restriction digestion, and three clones were selected for sequencing. No sequence differences were found in these three clones. The sequence of the entire genome (except ITRs) was determined by using an ABI 373A automated sequencer and FS dye terminator chemistry (ABI). Due to the high degree of secondary structure, ITRs were sequenced by isothermal noncycling sequencing chemistry by using radiolabeled dCTP (Epicentre). One of the clones (pAAAV) that contained the entire consensus sequence of AAAV was further used to generate packaging and vector plasmids for construction of recombinant AAAV (rAAAV) virus. The complete DNA sequence of AAAV has been submitted to GenBank (accession number AY186198).
Sequence analysis. DNA and protein sequence alignments were performed by using the Clustal W multiple sequence alignment tool of the Biology Workbench web-based software (SDSC). Promoter, transcription initiation, and splice sites were predicted by using the Neural Network Promoter Prediction web-based software (BDGP). The presence of potential transcription binding sites was analyzed with the MatInspector computer program (54) . Putative motifs in the Rep proteins were identified with the BLIMPS program that searches for motifs in the Blocks protein database (28) .
Southern blot hybridization. The ability of pAAAV to support self-excision, packaging, and generation of nuclease-resistant wild-type (wt) AAAV particles was examined. 293T cells seeded in 6-well plates were transfected by using calcium phosphate coprecipitation with pAAAV alone, pAAAV plus pAd12 (a helper plasmid containing the E2 and E4 ORFs and VA RNAs of Ad5), and pAAAV plus infection with Ad5. In addition, LMH cells seeded in gelatincoated 6-well plates were similarly transfected with pAAAV alone or with pAAAV plus infection with FAV1. After 48 h, clarified lysates were prepared by using three freeze-thaw cycles and centrifugation at 3,800 ϫ g for 20 min. The lysate (ϳ100 l) was treated with 5 U of DNase for 2 h at 37°C to remove vector and unpackaged progeny. Subsequently, the solutions were adjusted to contain 20 mM EDTA (pH 8), 0.5% SDS, and 200 g proteinase K per ml and incubated at 45°C for 2 h. After one phenol-chloroform extraction, nucleic acids were precipitated with the addition of an equal volume of isopropanol, and the pellet was resuspended in 30 l of Tris-EDTA buffer containing 0.1 M NaCl. The samples were heated to 95°C for 5 min, slowly cooled down to 65°C, and incubated for 5 h. After electrophoresis and blotting, the membrane was probed with a 32 P-labeled 1.2-kb BamHI fragment of pAAAV. Generation of recombinant AAAV particles. For production of recombinant particles, we generated and examined the efficiency of three different helper plasmids, pMA 3 VRC, pCA 3 VRC, and pA 3 VRC, containing the AAAV rep and cap genes under control of a mouse mammary tumor virus (MMTV), cytomegalovirus (CMV), or native p5 promoter, respectively. For generation of pMA 3 VRC, the rep and cap ORFs (nucleotides 243 to 4482) was produced by PCR with PFU polymerase (Stratagene) as specified by the manufacturer by using primers containing BstZ107 and NotI sites. The PCR products were digested with BstZ107 and NotI and ligated in a BstZ107/NotI fragment of pMMTV2.1 (18) containing an MMTV promoter and SV40 poly(A). For generation of pCA 3 VRC, the rep and cap ORFs (nucleotides 243 to 4482) were produced by PCR with PFU polymerase and blunt-end ligated in the pCMVscript (Stratagene) vector, which contains a CMV promoter and SV40 poly(A). For generation of pA 3 VRC, the rep and cap genes of AAAV including the p5 promoter and poly(A) signal (nucleotides 142 to 4516) was produced by PCR using PFU polymerase and blunt end ligated in pPCR-script. Orientation of inserts was verified by restriction digestion analysis, and final clones were confirmed by sequencing. For generation of the vector carrying the ␤-galactosidase gene flanked by AAAV ITRs, the plasmid pAAAV was digested with BsmBI (NEB). BsmBI does not cut in the plasmid backbone but cuts at positions 838, 1111, 2590, 4419, and 4530 of the AAAV genome. The resulting fragment that contained the plasmid backbone and 700 bp of AAAV genome flanked by ITRs was used to ligate a BsmBI-BsmI linker. The resulting plasmid was digested with Pml1 (cuts at nucleotide 146 of AAAV genome) and BsmI and used to ligate a BstZ107-BsmI fragment of pAAV 2 RnLacZ (18) that contains the ␤-galactosidase gene under the control of an RSV promoter and SV40 poly(A) tail. The resulting plasmid (pA 3 VRSV␤-Gal) was cotransfected with one of the helper plasmids described above and pAd12 in 293T cells plated in 150-cm dishes. Forty-eight hours posttransfection, cells were harvested and quantitated with a hemacytometer, and rAAAV was prepared by using standard CsCl gradient purification. The number of rAAAV genomes was estimated by using real-time quantitative PCR (QPCR) and expressed as nuclease-resistant particles per cell recovered after transfections. Titration of rAAAV was performed in exponentially growing CEF, DF-1, LMH, QNR, QT6, DT-90, 293T, COS, and primary embryonic chicken kidney cells and nondividing primary pituitary cells plated in 96-well plates and transduced with serial dilutions of recombinant virus for 48 h as previously described (20) .
RESULTS
To obtain AAAV genomic DNA for cloning, a stock of AAAV was obtained from ATCC (VR-865) and coinfected with FAV1 in day 10 embryonated chicken eggs. Virus was concentrated after subjecting infected allantoamniotic fluids to high-speed centrifugation. Viral DNA was released by SDSproteinase K digestion and purified by gel electrophoresis after annealing the complementary single strands by heating the purified DNA to 95°C and slowly cooling to 65°C. Preliminary experiments indicated that 10 5 infectious particles of FAV1 resulted in productive infection without killing the embryo prematurely. Coinfection with at least 10 5 infectious particles of AAAV was required to detect viral DNA (ϳ4.7 kb) by ethidium bromide staining (data not shown). After recovery and end filling, the double-stranded AAAV genome was blunt end ligated and cloned into pPCR-script. Several clones that contained an insert of approximately 4.7 kb were initially screened by restriction digestion (data not shown) and all gave bands similar in size to those previously reported (30) . We subsequently sequenced three of these clones and all gave identical sequences. One of the clones was randomly selected and used in subsequent analysis (pAAAV).
To verify that pAAAV can support self-excision, viral DNA replication, and packaging in mammalian and avian cells, we prepared viral lysates from 293T and LMH cells transfected with pAAAV and infected with wild-type (wt) Ad5 or FAV1, respectively. In addition, the ability of an Ad5 plasmid to provide helper functions was examined in 293T cells. Southern blot analysis showed encapsidated (nuclease-resistant particles) AAAV progeny in the presence of wt Ad5 or Ad helper plasmid in 293T cells and FAV1 in LMH cells but not in the absence of these (Fig. 1A and B) . This result suggests that pAAAV can support rescue of AAAV in mammalian and avian cells in the presence of mammalian or avian adenoviral genes.
The AAAV ITR is composed of 142 nucleotides with the first 122 forming the characteristic T-shaped palindromic structure (Fig. 2) , and it is 60 to 62% homologous with the ITRs of serotypes 2, 3, 4, and 6 and 48% homologous with AAV5. A tandem repeat of GAGY in the ITR, which serves as the binding element of Rep78 and Rep68 (RBE), is conserved between AAAV and the other AAVs (Fig. 3, 4) . The trs rec- ognition motif of serotypes 2, 3, 4, and 6 (CCGGTЈTG) is highly homologous with that of the putative AAAV trs (CCG GTЈCG) and weakly homologous with the AAV5 trs site (ACG GTЈGT). In addition, the spacing between the RBE and the putative trs is similar to that found in other serotypes, a characteristic that has been shown to be essential for Rep activity (12) . It has been proposed that a potential inverted repeat flanking the core trs sequence of AAV serotypes might be required for Rep trs nicking (11) . Such an inverted repeat is not found around the AAAV trs sequence. This observation may indicate that avian Rep nicking does not require any secondary structure around the core trs element. Methylation interference experiments have indicated the importance of the CTTTG motif found at the tip of one palindrome in AAV2 Rep binding (9, 57) . Most of this motif is conserved in AAAV ITR (CT-TCG) and only one T residue is changed to C. Interestingly, the AAV4 ITR has a similar substitution in this motif (CTCTG). Thus, regardless of the overall nucleotide sequence homology, the secondary structure and the elements required for viral replication are conserved in the AAAV ITR.
The entire AAAV genome (Fig. 3) is 4,694 nucleotides in length and has a similar organization to that of other AAVs. It has two inverted terminal repeats and two distinct ORFs. The entire genome of AAAV displays 56 to 65% identity at the nucleotide level with the other known AAVs. The p5 promoter region of AAAV is much shorter and shows some divergence from homologous regions of other AAV serotypes. Core regulatory elements such as the TATAA box and Ebox/USF are conserved; however, YY1 and Rep binding sites are not present. This suggests that AAAV gene expression might be regulated differently from that of other AAVs. The p19 promoter, the p40 promoter, and poly(A) can also be identified in the AAAV genome by homology to those in primate AAV serotypes. Based on the general organization and sequence, these elements are highly conserved.
Clustal W protein sequence alignment indicates that the left ORF of AAAV is 46 to 54% identical and equally divergent from that of the primate AAVs and the goose parvovirus (GPV) Rep ORF (Fig. 4A) and only 18 to 22% identical with the Rep ORF of other mammalian autonomous parvovirus (data not shown). In comparison, the Rep ORFs of isolates 1, 2, 3, 4, 6, 7, and 8 show greater than 90% similarity and are approximately 67 to 70% identical with that of the AAV5 Rep ORF. The central region of the AAAV Rep ORF (amino acids [aa] 322 to 470), which is present in all Rep proteins, displays the greatest identity (82%) with the same region of the other AAVs and the GPV. This region of the Rep proteins is necessary for ATPase and helicase activity and contains an ATPbinding site (aa 334 to 349) and a divalent cation binding site at amino acid residue 421 (44, 61, 65) . The amino terminus (aa 1 to 251) shows 42 to 45% similarity between AAAV and the other AAVs. This region of the Rep78 and Rep68 proteins is required for DNA binding and trs endonuclease activities (22, 50) . A tyrosine residue at 155 is homologous to the Tyr156 in AAV2 that functions as the active nucleophile in the trs endonuclease site (22, 62) . The active site is assembled by the spatial convergence of a divalent metal ion that is tetrahedrally coordinated by Asp24, Glu83, His90, and His92. In addition, Glu6 is required for the correct orientation of the two activesite imidazoles from His90 and His92 (31) . All of these amino acid residues are strictly conserved among AAV serotypes, including AAAV. Furthermore, a helix region important for Rep multimerization (aa 159 to 179) is also conserved in AAAV. The carboxyl terminal portion (aa 490 to 662) of the unspliced AAAV Rep proteins appears highly divergent, displaying less than 15% homology with the primate serotypes. However, a characteristic zinc finger motif was identified by using the BLIMPS algorithm. This feature is conserved in all AAV serotypes.
The right ORF of AAAV, which encodes the three viral capsid proteins, is approximately 54 to 57% identical to the capsid ORF of the other AAVs and the GPV (Fig. 4B) . It has been previously reported (6) that the AAAV capsid proteins VP1, VP2, and VP3 have apparent molecular masses of 92, 69, and 61 kDa, respectively, as determined by SDS-polyacrylamide gel electrophoresis. The calculated molecular masses based on amino acid composition for VP1, VP2, and VP3 are 83, 67, and 60 kDa. We also subjected purified AAAV virions to SDS-polyacrylamide gel electrophoresis and found that they have molecular masses of 91, 68, and 60 kDa (data not shown). As with the primate AAVs and the goose and duck autonomous parvovirus, the AAAV cap gene contains two ATG initiator codons, one for VP1 and the other for VP3. The unusual ACG initiator codon for VP2 is also conserved in AAAV.
Clustal W alignment of the VP ORFs indicated the presence of conserved and divergent regions. The N terminus of VP1 (aa 1 to 143), which is required for particle formation, is relatively conserved among AAAV, AAV2, AAV4, AAV5, and GPV. However, the start sites for VP2 and VP3 are found in a divergent region. Based on the published three-dimensional structure of the canine parvovirus and comparisons of parvovirus capsid sequences (15, 67) , most of the divergent regions among AAAV, AAV2, AAV4, AAV5, and GPV are located on the exterior of the virus, thus suggesting different uptake mechanisms and altered tissue tropism.
In the present study, we constructed recombinant AAAV particles containing the gene for nucleus-localized ␤-galactosidase. Virus was produced as previously described (19, 20) by constructing a vector plasmid containing the ␤-galactosidase gene under the control of a Rous sarcoma virus promoter flanked by AAAV ITRs (pA3V␤-Gal, Fig. 5A ) and a helper plasmid containing the AAAV rep and cap genes. Virus was isolated from 293T cell lysates by CsCl banding, and the distribution of recombinant virus across the gradient was determined by QPCR analysis of gradient fractions. The majority of packaged genomes were found in fractions with a density of 1.42 g/cm 3 , which is similar to that of wt AAAV. We also examined the yield of rAAAV when using helper plasmids with the rep gene under the control of three different promoters, CMV, MMTV, or the native P5 promoter (Fig. 5A) . The different helper plasmids (pCA3VRC, pMA3VRC, and pA3VRC) were cotransfected with pA3V␤-Gal and an adenovirus helper plasmid in 293T cells, and rAAAV was purified from the three different clarified viral lysates by using CsCl gradients. The number of rAAAV genomes was determined by QPCR. In three independent trials, the yield of rAAAV was 5-fold and 15-fold greater when using the stronger CMV promoter than the yield with the MMTV and the native P5 promoter, respectively (Fig. 5A ). This finding with rAAAV is in contrast to previous work with AAV2, which demonstrated that the use of a CMV promoter inhibited the production of rAAV2 (39) .
In preliminary studies, we observed that the addition of detergents during virus purification affected infectivity. To better understand the effect of detergents, we prepared rAAAV in the presence of the following conditions: 0.5% deoxycholate, 0.5% 3-[(3-chloamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 0.5% octylglucoside, or no detergent, respectively. The virus from the four groups was purified by using CsCl gradients, and rAAAV genomes were quantitated by using quantitative PCR. No effect was observed on the yield of viral particles or density of rAAAV in the four preparations. After dialysis against phosphate-buffered saline, transduction efficiency was measured by titration on CEF cells. Addition of OCG or CHAPS had no significant effect on transduction efficiency. However, deoxycholate, which is a stronger ionic detergent, reduced transduction efficiency almost 10-fold (data not shown).
Tissue tropism of rAAAV was determined in CEF, DF1, LMH, DT-90, QNR, QT6, 293T, COS, primary chicken embryonic kidney cells, primary chicken pituitary cells, and primary human fibroblasts and compared with that of rAAV2, rAAV4, and rAAV5 (Table 1) . Transduction efficiency of rAAAV was 10-to 300-fold higher in avian cells than in rAAV2, rAAV4, and rAAV5. In contrast, transduction of the mammalian cells in the panel by rAAAV was almost absent. This observation suggests that AAAV is using a different uptake or transduction mechanism compared with the primate AAVs. Interestingly, rAAAV exhibited ϳ15-fold higher transduction efficiency in primary chicken embryonic fibroblasts than did the immortalized embryonic fibroblasts (Fig. 5B) .
DISCUSSION
Although the molecular and biological properties of AAAV were largely unknown, serological and immunological data have indicated that AAAV is distinct from the primate AAV (68, 69) . That evidence prompted us to isolate, clone, and sequence an infectious clone of AAAV and construct a recombinant vector.
Previous studies have indicated difficulties in directly cloning full-length infectious clones of AAVs. These difficulties have been attributed to the genetic instability of parvoviral inverted terminal repeats. For that reason, investigators have used recBC bacterial strains (10, 70) or low-copy-number plasmids (56, 59) or constructed the full genome from cloned subfragments (20, 37, 48) . Surprisingly, in the present study we did not encounter any difficulties in directly cloning the full AAAV genome in a medium-to high-copy-number pUC18 derivative plasmid. This may indicate a higher genetic stability of the AAAV ITRs than that of the primate isolates.
The nucleotide sequence of AAAV is 56 to 65% identical with the other known AAVs and contains all the structural components and genetic elements that characterize the family of AAVs. These elements include the ITRs, promoters, ORFs, transcription start and stop sites, and intron splice junctions. Particularly, the ITRs of all serotypes (including AAAV) are similar in length and symmetry, contain a conserved rep-binding site, and retain the ability to form the characteristic hairpin structure. Previous studies have demonstrated that the ability to form the terminal hairpin structure is important for AAV replication (38) . This observation is further supported by the conservation of this structure between AAAV and the primate AAVs.
The high degree of conservation of the rep ORF between the primate AAVs indicates the importance of this gene to the life cycle of the virus. The rep ORF of AAAV is significantly more divergent than it is in other serotypes; however, the core region (aa 322 to 470) containing the ATPase and helicase activity is highly conserved (82% identity). This region is highly conserved in all vertebrate parvovirus, both autonomous and dependovirus, indicating the region's importance in the parvovirus life cycle. The N-terminal region of rep has been shown to be important for DNA binding; however, the exact amino acids involved are not known. The rep-binding site in the ITRs is highly conserved among AAVs including AAAV. Therefore, it is anticipated that the motif in the N-terminal region of rep involved in DNA binding must also be conserved. The Nterminal region of AAAV (aa 1 to 251) only shows 43% similarity with that of the other serotypes. Thus, the low degree of homology may help in identifying the conserved motif involved in DNA binding.
The carboxyl terminal of the unspliced Rep proteins encodes a zinc finger motif, and it is conserved among the AAV serotypes. The function of this region is largely unknown; however, previous studies have indicated involvement in transactivation (23) . In addition, this region has been shown to be important for interaction with the cellular kinases PrKX and PKA, causing inhibition of kinase activity (17, 23) . The carboxyl terminus of AAAV rep is highly divergent, displaying less than 15% homology. This fact may explain the increased titers of rAAAV obtained when using a helper plasmid that drives expression of the rep gene from a CMV promoter.
The predicted amino acid sequence of the capsid proteins indicates several regions with significant variation between serotypes (Fig. 4B ). Several differences in the capsid proteins (aa 450 to 613) lie in regions that have been proposed to be on the exterior surface. These regions may play a role in serotypespecific properties such as antigenicity and/or binding to specific cellular receptors. However, not all of the changes are confined to the proposed exterior regions (aa 152 to 221), and they may also be important for other unique properties of AAAV versus the primate AAVs.
Transduction efficiency in avian and mammalian cells was very distinct between rAAAV and rAAV2, rAAV4, and rAAV5. The only difference in our four recombinant constructs is the presence of serotype-specific ITRs flanking the expression cassette [RSV-␤-Gal-SV40poly(A)] and the serotype-specific capsid. Although it is possible that each serotypespecific ITR could interact differently with host-specific intracellular factors, it is more likely that transduction efficiencies are affected by the presence of distinct cell surface receptors. These data, combined with the extensive divergence of the cap ORF, suggest that AAAVs utilize a different uptake mechanism from those utilized by other serotypes.
The original hypothesis of a host-dependent evolution of parvovirus (3) is in contrast to the high sequence homology reported between the goose and Muscovy duck autonomous parvovirus and the primate AAVs (13, 40, 70) . This observation raised the possibility of horizontal transfer of parvovirus between different species during evolution. The AAAV might be the missing link between the avian autonomous parvovirus and the AAVs or may constitute a distinct branch in the evolution of dependovirus. The AAAV genome (both rep and cap genes) is equally divergent between the avian autonomous parvovirus and AAVs. However, the structure and function of the AAAV ITR are very similar to those of AAVs. Thus, the a Transductions were performed as described in Materials and Methods, and efficiency is expressed as transducing units per 10 6 recombinant particles. Numbers represent mean Ϯ standard deviation from four independent assays. ND, none detected.
proposed classification of parvoviruses based on the properties of the ITRs (1) gains further merit.
